Observation and evaluation of lattice defects such as vacancy, dislocation and grain boundary are very important for understanding microstructure development during thermo-mechanical treatments. Electrical resistivity measurements are superior to electron microscopies in terms of obtaining average information on micro-and nano-structures including lattice defects. The purpose of this study is to quantify lattice defects and crystallographic features in cold rolled and annealed pure Ti by precise measurements of electrical resistivity. Electrical resistivities at 77 K (liquid nitrogen) and 300 K were measured in a cold rolled Ti sheet at angles of 0, 45, 90°from the rolling direction (RD) by a direct current (DC) four-point method. The resistivity at 90°from RD was slightly higher than that at 0°. A characteristic texture was developed in the sheet; accumulation of (0001) pole was confirmed to appear at an elevation angle of about 40°on the transverse plane. In Matthiessen's empirical relationship for the cold rolled specimens, strong anisotropy in resistivity could also be confirmed. The gradient ¡ and the intercept ¢ values of the relationship might be employed as parameters to quantify the anisotropy of crystal structures and dislocation structures.
Introduction
Mechanical properties in metallic materials are generally determined by microstructure and included lattice defects in addition to composition. Thus, understanding the density, character and behavior of lattice defects such as vacancy, dislocation and grain boundary is very important for materials design. Furthermore, from the viewpoint of materials recycling, several properties must be optimized by controlling micro-and nano-structures in simple-system alloys. In the last few decades, ultrafine-grained materials have received considerable attention in several fields of materials because they show superior mechanical properties. Among various methods proposed to produce ultrafine-grained materials, severe plastic deformation (SPD) techniques such as highpressure torsion (HPT), 14) ball milling (BM), 5) shot peening, 6) equal channel-angular pressing (ECAP), 7) and accumulative roll bonding (ARB) 8, 9) have received the greatest attention due to their simplicity and applicability. In these materials, detailed analyses on introduction/annihilation and interactions of lattice defects showing high density, development of nano-structures including texture are required.
Recently, new observation techniques have been developed in several fields, e.g., 3D tomography in transmission electron microscopy (TEM), 10) orientation imaging microscopy, 11) and positron annihilation. 12) These analyses provide useful detailed information regarding micro-and nanostructures and lattice defects. As is known, electrical resistivity is sensitive to phase transitions and changes in densities of lattice defects. Up to now, electrical resistivity measurements have been carried out for various metallic materials to investigate transformation behavior and/or to evaluate densities of several lattice defects.
1317) Since the volume of the specimen required for analysis is 10 8 times that for TEM, average information can be obtained from a large volume. In addition, in situ measurements can easily be carried out, e.g., during deformations and heat treatments.
Therefore, precise measurement of electrical resistivity can also provide valuable information on lattice defects as well as the new developed techniques.
In the present study, a commercially pure titanium (CP-Ti) having hcp crystal structure was deformed by conventional cold rolling (CR) at room temperature (RT) and then annealed. The purpose of this study was to detect lattice defects and crystallographic features by precise measurement of electrical resistivity. In addition, Matthiessen's plots 18) were created.
Experimental Procedures

Cold rolling and annealing
Commercially pure titanium (ASTM grade 2) sheets, 2 mm in thickness, 60 mm in width and 100 mm in length, were used in this study. The chemical composition of the material is shown in Table 1 . The sheets were deformed at room temperature (RT) to aimed rolling-reduction by 0.020.06% per one pass. This process showed a relatively small rise in temperature. The reduction in thickness was selected to be 15, 30, 50, 70 and 80% in this study. The angle from the rolling direction (RD) in the rolled plane was defined as ª. Thus, ª = 0 and 90°means RD and transverse direction (TD), respectively. Bar-shaped specimens (1.5 © 1.5 © 40 60 mm) along the directions at ª = 0, 45 and 90°were cut from the sheets. Small Ti plates (1 © 1 © 5 mm) were spotwelded as terminals for measuring the electromotive force in a direct current (DC) four-point method. In the measurement, Mo lead wires for the potential contact were spot-welded to the terminals. Heat treatments were carried out for the 80% highly deformed specimens by direct dipping in a nitrate 
+1
bath held at 573, 673 and 773 K. After the annealing, the specimens were quenched immediately with ice water. Each 30 s heat treatment was carried out cumulatively on the same specimens. This method makes it possible to detect small changes in electrical resistivity because the distance between two potential contacts (L) and cross-sectional area (S) of the specimen does not change during the entire process from the cold rolling to the annealing.
Electrical resistivity measurements
Electrical resistivity measurements were carried out in order to observe plastic deformation and recrystallization behaviors. Electrical resistance at temperature T (+ T ) was measured by a DC four-point method by using a Nanovoltmeter (Keithley 2182A) and direct current/alternating current (DC/AC) current source (Keithley 6221) with a constant current of 100 mA. Thermoelectromotive forces at all contacts were canceled out by changing the current polarity in the measurements.
The cross-sectional area (S) and distance between two potential contacts (L) of the bar-shaped specimen were measured by a micrometer and measuring microscope, respectively. We call the ratio of S and L, (S/L), the size factor. The electrical resistivity (µ T ) was obtained as follows:
Electrical resistivity is sensitive to temperature. Particularly in pure titanium, the temperature dependence of electrical resistivity is very strong.
18) Therefore, care must be taken for temperature control. In this study, the measurement temperature was selected to be 77 K (in liquid N 2 ) and 300 K. Measurements at 300 K were carried out in dimethylpolysiloxane, a silicone oil. The temperature of the oil was controlled by using a refrigerated/heating circulator and monitored with highly accurate probes. The accuracy of temperature control at 300 K was 0.1 K during the measurement.
Matthiessen's Empirical Relationship
The electrical resistivity of multi-component dilute solid solutions at temperature T (µ S T ) is represented by the following equation:
where µ P T is the resistivity of ideally pure solvent, "µ i T is the contribution to resistivity per unit concentration of the i-th solute or lattice defect at temperature T, and C i is its concentration.
In general, dimensions of the specimen must be measured in order to obtain electrical resistivity from electrical resistance. Fortunately, there is a procedure to evaluate the resistivity of specimens without measuring the dimensions by using Matthiessen's empirical relationship. 20) This relationship can also be employed for evaluating the errors in average dimensions due to bending and surface roughness of specimens. In this study, electrical resistivities at 300 and 77 K were measured. Assuming that the temperature dependence to resistivity per unit concentration is negligible for lattice defects, the following relationship can be obtained from eq. (2):
where µ 300 and µ 77 are the resistivities of specimens in various states such as cold rolled and recrystallized. From eq. (3), the relationship between the resistivity at 77 K, µ 77 and the resistivity ratio R = µ 300 /µ 77 can be described as follows:
The (µ P 300 ¹ µ P 77 ) term is constant and R is the ratio of resistance, R = + 300 /+ 77 (= µ 300 /µ 77 ). Although eq. (4) shows a straight line from the origin, the measured relationship has an intercept on the axis of µ 77 in the plots of µ 77 versus 1/(R ¹ 1). Therefore, Matthiessen's empirical relationship can be described as follows: 21) 
The values of ¡ and ¢ can be determined by resistivity measurements with well-shaped specimens.
Results and Discussion
Cold rolling
The starting materials had an equiaxed grain with average grain size of 11 µm. Although the microstructures are not shown here, elongated initial grains involving deformation bands were observed after CR. In the 80% CR specimen, the initial grain boundaries completely disappeared. Many bands attributed to the deformation structure were observed parallel to the RD in TD plane.
Basically, electrical resistivity of metallic materials increases by introducing impurities and alloying elements or lattice defects such as vacancy, dislocation, grain boundary, etc., as shown in eq. (2) . A large amount of lattice defects were introduced into the specimens during the CR process. Figure 1 shows changes in resistivities as a function of true strain, ¾ t . The resistivities at 77 K, µ 77 , increased monotonically with increasing true strain at ª = 0 and 90°. In the specimen at ª = 45°, the µ 77 decreased slightly from ¾ t = 1.4 to 1.8. Anisotropy of resistivity was clearly confirmed in the measurement at 300 K compared to that at 77 K. In the specimen at ª = 0°, the resistivity at 300 K, µ 300 , increased with true strain up to ¾ t = 0.4, then decreased before increasing again. The µ 300 at ª = 45°showed a maximum at ¾ t = 1.4, whereas the µ 300 at ª = 90°monotoni-cally increased over the entire strain range prepared. However, the increasing rate of resistivity seemed to be relatively higher around ¾ t = 0.8 and lower around ¾ t = 1.4 than the average. Such points correspond to the minimal at ª = 0°and the maximal at ª = 45°, respectively. This means the microstructure continuously changed during the cold rolling.
The density of dislocation was evaluated by eq. (2) using the contribution to resistivity per unit concentration of dislocation in pure Ti, "µ disl = 301.4 © 10 ¹25 ³ m 3 22) under the assumption that the increment of resistivity was due solely to the dislocation density. The effect of anisotropy on the calculated densities is negligible since the directional dependence of resistivity is very small at 77 K. To be sure, various lattice defects are introduced into metallic materials by plastic deformation. However, the above assumption appears to be reasonable because almost all vacancies and interstitial atoms vanished just after completion of the CR process at RT. In fact, the electrical resistance of tensile deformed CP-Ti was confirmed to decrease and then saturate within 1.8 ks at RT. The decrease is attributed to a loss of the unstable lattice defects. The calculated dislocation density is shown in Fig. 2 . The density of dislocation abruptly increased and then increased linearly with true strain on the order of 10 14 m ¹2 . The density reached almost 7 © 10 14 m
¹2
at ¾ t = 1.8 (80% CR). In general, tensile strength · is known to increase with the square root of dislocation density as follows:
where · 0 is the strength of fully annealed material, k is a constant and C disl is the density of introduced dislocations. Vickers hardness is proportional to tensile strength. 24) As mentioned above, electrical resistivity is proportional to dislocation density as shown in eq. (2) . Therefore, the increment of Vickers hardness must be proportional to the square root of the increment of electrical resistivity as follows:
The increments of Vickers hardness were plotted versus the square root of the increment of µ 77 as shown in Fig. 3 . The hardness can be estimated by using this relationship and measured electrical resistivity in the cold rolled CP-Ti. The ¦HV showed a parabolic increase against the ¦µ 77 1/2 . The ¦HV vs. ¦µ 77 1/2 might show a linear relationship in a highly strained region. This result indicates that resistivity is sensitive to dislocation density, revealing that hardening or strengthening requires a certain density of dislocations.
Recovery and recrystallization
In order to investigate recovery and recrystallization processes, cumulative heat treatments were carried out at 573, 673 and 773 K for the 80% CR specimens. Figure 4 shows changes in resistivities of the 80% CR specimens during the heat treatments. The resistivities gradually decreased and saturated in the heat treatments at 573 and 673 K. In contrast, in the treatment at 773 K, the resistivities decreased gradually over the entire time. Such changes in resistivities could be observed in all specimens regardless of ª. Interestingly, the order of resistivities in the CR state remained the same even after the heat treatments. Dotted lines indicate the levels of resistivities for the asreceived samples (before CR). Although most dislocations vanished, recrystallization might be incomplete. Therefore the differences of resistivity at 77 K from the original may be a reflection of the remaining dislocations and enlarged grain boundary planes. On the other hand, the resistivities at 300 K did not return to the original level upon annealing. The final differences from the originals are attributed to orientation dependence of resistivity in the developed microstructure. An anisotropy in resistivity appeared strongly at 300 K. Figure 5 shows the (a) grain boundary map and (b) (0001) pole figure obtained by EBSD (electron back scattering diffraction) for the annealed specimen after the 80% CR. Many recrystallized grains can be confirmed with an average size of about 3 µm [ Fig. 5(a) ]. However, un-recrystallized regions still remained. This is consistent with the resistivity results (Fig. 4) . A characteristic texture was developed as shown in Fig. 5(b) . Accumulation of (0001) pole can be confirmed to appear at an elevation angle of about 40°on the TD plane. This is consistent with the reported ones.
2527)
Generally the texture does not change from that in the CR state in CP-Ti. 28) Therefore, this texture must develop during the CR. As mentioned above, the strong anisotropy of resistivity was confirmed in the recrystallized sheet of Ti; the resistivity at ª = 90°(TD) was higher than those at ª = 0 and 45°. This must be attributed to the crystallographic anisotropy of hexagonal structure. Especially the direction of c-axis supposed to be important. Taken together with the result of resistivities, it is possible that the electrical resistivity along the c-axis of titanium may be higher than that along other axes. This is a potential expectation; further studies are required in order to clarify the mechanism on the anisotropy of resistivity.
Matthiessen's empirical relationship and anisotropy
The resistivities at 77 K, µ 77 , were plotted versus 1/(R ¹ 1) in the CR specimens as shown in Fig. 6 . All plots show linear relationships for each angle of ª, with correlation coefficients close to 1. Interestingly, the relationships showed different gradient ¡ and intercept ¢ values.
The µ 77 ¹ 1/(R ¹ 1) plot was also created for the annealed specimens as shown in Fig. 7 . All plots showed linear relationships as in those for the CR specimens. Three lines showed a parallel relationship with slightly different intercepts. Only at ª = 0°does the relationship in the annealed specimen overlap that in the CR one.
As mentioned above, a texture was developed during the cold rolling and then it was inherited after the heat treatment. Since no remarkable difference in ¡ between the annealed specimens with ª = 0, 45 and 90°could be confirmed in the textured specimens, the gradient ¡ must be independent of the crystal structural anisotropy. However, it might be reflected in the intercept ¢.
In general, there is no temperature dependence in the contribution to resistivity of dislocation, "µ disl . Therefore, the gradient ¡ must change depending on the characteristic distribution and arrangement of dislocations and crystal rotation. The resistivity at ª = 90°became higher than those at ª = 0, 45°after the 80% CR. From these states, the resistivities decreased with almost the same ¡ by the heat treatment, which were due to disappearance of dislocations. As a result, the resistivity at ª = 90°showed the highest ¢ value. Theoretically ¢ value should be 0 as shown in eq. (4). However obvious change in ¢ could be confirmed. Therefore ¡ and ¢ values must be related to the anisotropy on crystal and dislocation structures though further study is required.
Up to now, Matthiessen's empirical relationship has been employed to evaluate resistivities or to examine the accuracy of size factors by using resistances measured at two temperatures, + 77 and + 300 . Of course, the resistivity can be evaluated in the present CP-Ti from the resistance of + 300 and + 77 by using the gradient ¡ and intercept ¢ terms of these relationships. In addition, it should be noted that the gradient ¡ and intercept ¢ of Matthiessen's empirical relationship might be employed as parameters to quantify the anisotropy of crystal structures and dislocation structures.
Summary
Precise measurements of electrical resistivity were carried out for the cold rolled and annealed commercially pure Ti. The following conclusions can be made.
(1) The resistivity increased with reduced thickness. This increase is attributed to dislocations introduced by plastic deformation. The density was calculated to be on the order of 10 ¹14 from the resistivity. (2) A characteristic texture was developed in the sheet; accumulation of (0001) pole appeared at an elevation angle of about 40°on the transverse plane. Anisotropy of resistivity could be clearly confirmed in the measurement at 300 K, which depended on the orientation to the rolling direction. It is possible that the electrical resistivity along the c-axis of titanium may be higher than that along other axes. (3) Matthiessen's plots were created for CP-Ti in both cold rolled and annealed states. The gradient ¡ and intercept ¢ values of the relationship can be employed as parameters to quantify the anisotropy of crystal structures and dislocation structures.
